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ABSTRACT

The structure of a propagating current sheet in a

cylindrical pinch discharge in argon is studied experimentally

and analytically. The azimuthal magnetic field, Bg, is mapped

throughout the discharge, yielding patterns of current density,

j. From an inventory of the j x B distributions, it is deduced

that the bulk of the gas is accelerated to the current sheet

velocity. The patterns of radial electric field, Era normal

to the current sheet, are mapped with a coaxial floating double

probe. Based on a one-dimensional, constant compression model,

the E field appears to be of sufficient magnitude to allow
r

conduction of all axial current by electrons in collisionless

Er x % drift. This field is not strong enough, however, to

accelerate ambient ions to the sheet velocity, suggesting that

gasdynamic forces also participate in the interaction. This

model also identifies ohmic heating in the sheet with the

product of radial ion current density and E . Comparative
r

measurements in neon, argon, and krypton, keeping the ambient

mass density constant, indicate that this ohmic heating

decreases with increasing molecular weight.
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Chapter I

INTRODUCTION

It is well known that manned voyages from the Earth

to Mars, Venus, and oth_L bodies will take many months, and

cannot be accomplished efficiently using present-day chemical

rockets. To carry the greatest payload, interplanetary

propulsion systems must use drastically less fuel than chemical

.... -_I_. accomplished bv increasing thesystems, an, tnls can u_,_ I be ....... .

propellant exhaust velocity. To date, a wide variety of

electric propulsion systems are being studied, capable of

producing two to twenty times the exhaust velocity of chemical

rockets. The drawback to electrical systems is that they

require large amounts of power from a relatively heavy source,

and operate at relatively low thrust levels. Therefore,

electric propulsion systems for long interplanetary missions

must convert electrical energy to exhaust energy with high

efficiency, and must also operate at the highest possible

thrust density. Pulsed electromagnetic acceleration of a

plasma promises to meet these two propulsion requirements.

Between 1820 and 1825, experiments by Biot and Savart,

and later by Ampere, established that a current carrying wire

generates around itself a magnetic induction field _ . The

experLments also established a force law between two current

i-i



carrying wires, written in terms of B and the current in

the wires. This law for the electromagnetic force density

on a conductor is more generally expressed in terms of

.-p

current density 2 :

_2

so that force is perpendicu]ar both to current and to magnetic

field. Neglecting the very small displacement current,

and t are related by Ampere's Law:

wB

The study of fluid flow in which the force _ is important

constitutes the subject of magnetogasdynamics.

The most direct way to generate a large electromagnetic

force is to use very high levels of current. Because these

high currents are most easily produced on a transient basis,

electromagnetic thrusters generally operate in pulsed fashion,

and their performance is an average over many pulses. It is

implied in the following experimental and theoretical work

that the results of investigating a single pulse will be

relevant to a continually pulsed thruster.

The cylindrical linear pinch, which is investigated in

the present experiments, is one of several discharge devices

which invoke self-induced _B forces to accelerate plasma.

Six of the more prominent geometries, including the linear pinch,

are shown in Fig. I. _T_ -_=11 _v_ 9h_e...... devices, current flows

1-2
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directly through a gas in contact with the electrodes. The

Bostick button gun and the rail accelerator have the least

propulsion application, because of strong three-dimensional

effects, and will not be discussed further. The parallel

plate accelerator, coaxial accelerator, inverse pinch, and

linear pinch reduce the experimental problem to two dimensions,

sincc all disch_rg_ properties are approximately constant along

the magnetic field lines. The motion of the current sheet in

these latter devices can even be described by one-dimensional

dynamic models.

All of the discharge devices in Fig. 1 have in common

a capacitor bank, a switch, two electrodes, and a test gas

between the electrodes. Closing the switch connects the

charged capacitor bank to the electrodes, and allows a large

current to flow through the circuit when the test gas becomes

sufficiently ionized. Current flowing through the test gas
_.A

a _-_x_ force, the direction of which isgenerates shown by

the arrows. In the case of the linear pinch, _*_ points

radially inward, and the plasma which carries the current

accelerates inward to form a thin central plasma column,

constituting the "pinch effect."

The most striking similarity among the four discharge

geometries is the initial formation and subsequent high velocity

propagation of an intense uniform current sheet. This current

sheet accelerates, with varying efficiency, the gas into which

it propagates. Although the present experiments are conducted

1-4



in a linear pinch, there is no reason why the resulting

description of the physical mechanisms in the current sheet

should not be applicable to the parallel plate, coaxial, and

inverse pinch accelerators. It will thus be helpful to

consider the results of the present study in the light of

previous investigations in all four devices. The purpose

of the following brief review of past work is to indicate

that many contradictory results have been obtained, many

different theories proposed, and that only a few conclusions

have been reached.

The first theoretical prediction of the radial motion

of the current sheet in a linear pinch was the snowplow model

of Garwin and Rosenbluth. (I) An infinitesimally thin,

cylindrical current sheet, driven by _x_ force, was

assumed to reflect particles as it propagated into a collision-

less test gas, imparting to the test gas a radial velocity equal

to twice the sheet velocity. A modification of this theory by

(2)
Colgate assumed that the sheet did not reflect, but absorbed

the test gas in a thin layer on the sheet surface. Whereas

Rosenbluth stipulated a constant applied voltage to the

electrodes, Colgate pointed out that sheet motion, current,

and voltage could be determined by the simultaneous solution

of the coupled momentum and circuit equations. The solution

of these equations is discussed in Appendix A.

In the present linear pinch investigation, the snowplow

model of Colgate accurately describes the motion of the current
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sheet. Other theoretical models have also been proposed,
(3)

and three of these have been summarized by Granet and Guman.

In the quasi-steady or hydrodynamic model, the current sheet

is assumed to act as a magnetic piston, driving a gasdynamic

shock ahead of it. Uniform conditions are assumed between the

shock and the piston, and this model is therefore applicable

to a parallel plat_ accelerator. In the slug model, it is

assumed that all of the test gas is accelerated by "-_*8

force uniformly at time zero, and that no additional mass is

entrained by the moving current sheet. This simple model is

useful for predicting current sheet motion in metal film

discharges, and in certain accelerators using pulsed injection

of the test gas.

A more sophisticated gasdynamic model, particularly

applicable to cylindrical geometries, assumes that a magnetic

piston propels a gasdynamic shock into the test gas, and that

an unsteady flow field exists between the shock and the piston.

(4)
Rowell has applied this model to the linear pinch, and

presents solutions of the piston trajectory for various assumed

shock trajectories.

It is important to note that many references on high

current discharges, theoretical and experimental, refer to

shocks and shock waves, or otherwise imply that gasdynamic

shocks are being driven by the current sheet. However, no

experiments have yet conclusively established from density

measurements _=_ = _ _ n_nnaaate ahead of a maqnetic

1-6



piston. For instance, Jensen and co-workers measured luminous

front trajectories in a parallel plate accelerator, and assumed
(5)

that the luminosity represented a pressure wave. Allen

based a theory of the linear pinch on a strong shock wave

model. (6) The existence of a gasdynamic shock was presumed,

but in fact never proven, in numerous other references.

The _earch for a pre_11re discontinuity has been hampered

to date by the lack of a good diagnostic technique. The need

for a fast rise time pressure transducer has been partially

solved by the thin piezoelectric crystal transducer, which can

r&ther easily respond to the arrival of a pressure front with

a one microsecond risetime. Work by York at Princeton has

raised the possibility of an order of magnitude improvement

in transducer response, but more development is needed. In

1962, piezoelectric transducers developed at the California

Institute of Technology were used by Vlases to measure arrival

times of pressure fronts in an inverse pinch. (7) Vlases found

a pressure front slightly ahead of the current sheet in helium,

and coincident with or trailing the current sheet in argon.

More recently, some doubt was cast on the Vlases results by

Sorrell, working in the same laboratory. (8) New results

indicated that in all cases the pressure front in the inverse

pinch trailed the current sheet, and that the separation

increased with increasing molecular weight of the test gas.

Although the infinitesimally thin sheet snowplow model

proves serviceable in several discharges in predicting current

1-7



sheet trajectories, more complex descriptions are needed to

explain the observed current sheet structure, and the mechanisms

of particle acceleration and current conduction. Burkhardt and

Lovberg investigated a coaxial gun, in which a radial current

sheet accelerated deuterium plasma in the axial direction. (9)

Using magnetic probes, the current sheet was found to be planar,

and about 1 cm. thick. By means of _ _p_cially dcve!oped

electric field probe, an electrostatic potential difference

was observed between the front and back edge of the moving

sheet. At radii near the negative central cathode, this

potential was sufficient to accelerate deutcr_,.u_ ions to sheet

velocity. The potential difference across the sheet decreased

as i/r 2, and near the anode was equal to one-third the cathode

value. Burkhardt and Lovberg concluded that because of the

small potential near the anode, the current sheet did not act

as a snowplow but rather as a strong shock wave, imparting some

momentum to the plasma. They also postulated that collisionless

electrons moved toward the anode in E_xS8 drift, and thereby

conducted the current in the sheet.

Similar experiments by Lovberg performed in argon, and

reported in a later paper, (10) showed a potential energy drop

across the sheet of only 46 volts, compared to the argon ion

energy relative to the sheet of 4600 volts. The current sheet

thus only weakly accelerated the plasma, in the manner of a

weak shock wave. As in the previous work in deuterium, it was

assumed by Lovberg that the electrons carried the current.

1-8



Johansson, working with argon and hydrogen in an inverse

pinch, concluded that the current was not carried by electrons,

but by ions. (II) Unlike the Vlases' results, Johansson found

an outward moving current sheet which was not planar, but

tilted as much as 50° , as illustrated below.

ANODE
!

I
|

I
J

Using magnetic probes, an axial component of

I

8
q

force

was found, as expected from the tilt of the current sheet.

This force was found to be sufficient to drive ions toward the

cathode, accounting for the conduction of current. Although

the significance of an electric field in the current sheet

was not clearly discussed, the inadequacies of a planar sheet

model were clearly demonstrated.

Further evidence for conduction of current by ions was

provided by Lovberg, investigating a parallel plate accelerator

(12)
in hydrogen and nitrogen. An anomalously low electrostatic

potential was found across the current sheet in hydrogen,

insufficient to accelerate the ions, and too low to provide

electron current by ExB drift. It was hypothesized that

the hydrogen ions were able to gyrate in the sheet without

colliding, resulting in a net displacement current parallel to

the sheet, and proportional to the rate at which ion-electron

1-9



pairs entered the sheet. Strictly speaking, this current

was conducted by the ions, whose Larmor radius was much

larger than that of the electrons. After replacing the

hydrogen by nitrogen, the ion Larmor radius became large

compared to the sheet thickness, and ion current was greatly

reduced. As expected, an electric field sufficient to

accelerate nitrogen ions was once _9_in _rve_,-_---_ _..d_

accounted for electron current by E -_ drift in the heavier

gas.

As further evidence of the experimental contradictions

-"_ have _ _p_rtedin current sheet studies, various re_u±_ ...........

on the effect of changing electrode polarity in a coaxial

accelerator. It was mentioned above that Lovberg found a

planar current sheet in a coaxial accelerator using deuterium,

and a negative central electrode. Keck, using argon and a

negative center electrode, found similar results. (13) Keck

then found that reversing the electrode polarity destroyed

the planarity of the sheet, which assumed a paraboloidal shape.

In Keck's experiment, the anode current led the cathode current,

as was found by Johansson.

In a more recent investigation using hydrogen, Lovberg

observed a paraboloidal current sheet by schlieren photography. (14)

It was found that the current sheet shape was independent of

electrode polarity, in contradiction both to Keck's work, and

to Burkhardt and Lovberg's previous observations of a planar

sheet.

i-i0



By no means have all the current sheet phenomena been

discussed. The effects of electrical and thermal conductivity,

viscosity, insulator heating, degree of ionization, type and

pressure of test gas, etc. have been mentioned in the
(2) (15) (16)

literature. However a the contradictory experimental

results, and multitude of proposed models, indicate that the

physical mcchanisms iD the current sheet are not yet understood.

i-ii



Chapter II

APPARATUSAND DIAGNOSTICS

A. DESCRIPTION OF THE DISCHARGEAPPARATUS

The purpu_ of _-_,_ _.___=pe_______ to discuss the plasma

pinch apparatus, and the application to it of various

diagnostic techniques. Included in the discussion will be

the mechanical design, construction, and operation of the

closed charc_er _=_ _ d_criDtion of each diagnostic

tool, and the theoretical application of that tool in the

plasma environment.

The main components of the discharge apparatus, called

the 5" pinch (Figs. 2 and 3), are a pinch chamber, a gas-

triggered switch, a coaxial transmission line, and a capacitor

bank. The cylindrical pinch chamber measures 5" in diameter

and 2" between the electrodes. The plane circular electrodes

are aluminum, and the cylindrical insulator is pyrex, 1/4"

thick. Two 0-ring seals are mounted between the pyrex insulator

and the electrodes. A pumping port in the center of the outer

electrode (anode) holds a metal plug which sits flush with the

electrode. Several .201" holes in the anode permit axial

probing in the chamber, and are plugged when not in use.

The anode, which serves as electrical ground, is bolted

__ t_ans _ ...... Two_ the outer conductor of the tubular _ .,i._ lin_

2-1
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holes in the outer conductor, 5/8" in diameter, permit radial

probing in the chamber midway between the electrode. Another

hole, 1-3/8" in diameter, admits a voltage tap to the cathode,

and is insulated against 10,000 volts to ground. The total

capacitance of the 15 unit capacitor bank is 15.7 _fd., and

energy stored is 785 joules at i0,000 volts. The capacitor

units are oil filled, measure 4-1/2" x 4-1/2" x 7", and were

made by the Corson Electric Manufacturing Corporation. The

ringing frequency of a shorted capacitor is 8x105 cps,

-8
corresponding to an inductance for each unit of 3.8xi0 henries.

The gas-triggered switch, adjacent to the pinch chamber,

is itself a pinch discharge of low inductance. (17) The annular

switch electrodes, 14 cm. diameter by 2.5 cm. wide, are

separated by 4 cm. The switch chamber is initially evacuated

-3
below the Paschen limit, to less than i0 mm Hg, and is

triggered by the injection of argon. The discharge conducts

the peak current of 3x105 amps with a resistance of about

-3 -9
3x10 ohms, and an inductance of about 3xl0 henries. The

high current discharge in the switch is similar to the discharge

in the main chamber, except that a central plexiglas insulator

prevents the inward pinching of the switch plasma. This

switch will sustain about 500 discharges before it is unable

to hold off i0,000 volts, and must be cleaned.

Figure 4 is a schematic sketch showing the distribution

of inductance, capacitance, and resistance in the circuit.

Comparison of total current with that predicted by the

2-4



ANODE .2XlO'°h .64x IO'gh .64XlO'gh

INSULATOR
1,6 X I0 "e h 000_

CHAMBER
0-:5 X 10-gh

CAT HOD E

7.5 7.5 7.5
XlO'=h XlO-gh X IO'=h

5.25

X lO-Sfd

SWITCH

5.25
XlO'Sfd

5.25

Xl O'6fd

+

IOKV

DISTRIBUTION OF ELECTRICAL CIRCUIT

PARAMETERS IN THE 5'" PINCH

FIGURE

|

snowplow theory (Appendix A) indicates that the total circuit

-3
resistance is about 5.5xi0 ohms. The inductance of the

circuit external to the chamber is approximately 7.7xi0 -9

henries.

Figure 5 shows the arrangement of the vacuum, gas filling,

and switch triggering system. Vacuum is maintained by a Welch

Duo Seal rotary vane mechanical pump, model 1397, which has a

pumping speed of 15 ft.3/min, down to 10 -2 mm Hg, and an

-4
ultimate pressure of i0 mm Hg. The pinch chamber can be

pumped down to 1 _ Hg in 30 seconds, through 3/4" vacuum lines.

A refrigerated baffle and nitrogen cold trap are installed

between the pump and the chamber, but were not used in these

experiments.
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The argon supply is a 2,500 p.s.i, tank of commercial

grade argon, purchased from the Liquid Carbonic Division,

General Dynamics. The impurity level is approximately 50 parts

per million (ppm). The gas pressure drops to 15 psi through a

two-stage regulator, and is then fed to the switch and the

pinch chamber through valves.

Test gas pressure in the range 1-2000 _ Hg is measured

with a Pirani gauge, purchased from Consolidated Vacuum

Corporation. The Pirani gauge measures the resistance change

with gas pressure of a heated tungsten wire, which is cooled

by the gas being measured. Heated sensing wires are located

in the gas lines to the chamber and the switch, and the gauges

are calibrated for each gas against a McLeod gauge. Readings
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taken several months apart indicated that the Pirani gauge

is reproducible to 2 percent.

A D-C, 20 kV power supply, made by Sorensen and Company,

Inc., charges the capacitor bank to i0,000 volts in about 20

seconds. The charging current is controlled through a Powerstat

variable transformer, made by Superior Electric Co. The bank

vv±_agc is measur_ _n a Triplett milliammeter, connected in

series to the power supply with a i0 megohm resistor.

A 1,000 ohm resistor, shown in Fig. 2, connects the

anode and cathode. This resistor insures that the cathode is

at ground potential before the switch is fired. After the

switch is fired, the cathode assumes a potential i0,000 volts

below ground, and thus 0.i amperes flow through the resistor

and switch until the main chamber breaks down. The 1,000_

resistor also bleeds the charge of the capacitor bank if the

main chamber refuses to fire. A shorting bar is used to short

circuit the bank at low voltages.

The most efficient pinch machine design is that which

delivers the largest fraction of the capacitor bank energy to

the discharge chamber. This is achieved by increasing the

ratio of pinch chamber inductance to total circuit inductance.

In the laboratory's first two designs, the inductance of the

pinch chamber was about i0 percent of the total circuit inductance,

and the voltage across the electrodes was never more than 1,000

volts. In the 5" pinch the total circuit inductance was reduced

-9
by a factor of _,_.... _ ........._h_,it llxl0 henries, while average
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chamber inductance remained at 3x10 -9 henries. " The maximum

voltage across the chamber electrodes was thus raised to

2,700 volts, and an integrated power measurement showed that

45 percent of the bank energy was delivered to the chamber

(Fig. 17). The bulk of the reduction in circuit inductance

is achieved by the use of low inductance capacitors and

connections.

Unless special precautions are taken, arcing will occur

across bolted connections in the discharge circuit. To prevent

arcing, soft indium gaskets are squeezed between the two

connecting parts_ No arcing was observed in the connections

of the 5" pinch using this method.

Although many impurities were present in the test gas

and on the chamber electrodes, they did not measurably affect

the experiments. The impurity level of the test gas was 50 ppm,

and to this must be added an unknown (but small) amount of pump

oil vapor, air, water vapor, vacuum grease vapor, and other

trace impurities which are emitted from the chamber walls. The

reproducibility of the magnetic probe data was insensitive to

any attempt to lower the impurity level. Thus cleaning and

polishing the chamber walls, pumping on the chamber for long

periods of time, using liquid nitrogen in the cold traps, and

flushing the chamber with argon, had no measurable effect on

the dynamics of the pinch.

The effect of impurities was noticed somewhat in the

early breakdown phase of the discharge_ If enough deposits
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formed on the switch electrodes, the switch would not stand

off i0,000 volts when evacuated, and had to be cleaned. A

black layer, mostly carbon, was found on the electrodes in

the switch and in the pinch chamber. Also contributing to

early breakdown was the pitting of the electrodes, which

created local ionizing electric fields. These pits were

removed periodically.

B. THE GROUND PLANE, SCREEN ROOM, AND OSCILLOSCOPE

The bulk of the noise in high current transient discharges

comes from two sources, both troublesome at high frequencies_

In the first type of noise, discharge oscillations _= _'-;;;-

ciently high frequency may develop voltages along the ground

connection between the discharge and the oscilloscope, due to

the nonzero inductance of the ground circuit. This voltage

may in turn drive a current through a probe, or may appear as

a voltage on a deflection plate in the oscilloscope. The

problem is eliminated by connecting the oscilloscope to the

discharge with a wide, low inductance, copper ground plane.

In general, the inductance of the ground plane can be made low

enough by making the width of the copper sheet exceed one-fifth

of the length.

The second source of noise may be radiated radio frequency

signals from the high voltage leads on the apparatus. This

noise can sometimes be reduced by moving the oscilloscope far

from the source, but a more direct method, used in these

experiments_ is to employ a screen room. '_he oscilloscope was
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completely enclosed within a Faraday Cage made of ordinary

copper window screen, through which the R.F. noise could not

penetrate. The signals from the probes were passed through

a copper bulkhead in the side of the screen room on BNC cable

connectors. The 117 V, 60 cycle power to the oscilloscopes

was filtered outside the screen room by a Filtron R.F. inter-

ference filter, made by the Filtron Co., Inc. This filter

will not pass a current with a frequency greater than 400 cycles

per second.

The 5" pinch electrical circuit was grounded to the

outside world in two ways. The oscilloscope was grounded

through its power line to the laboratory electrical service,

and for safety the 5" pinch was grounded by #8 wire to a pipe,

imbedded 20 feet into the earth outside the laboratory. Both

of these grounds had much higher inductance than the ground

plane between the 5" pinch and the screen room.

All probe signals were fed to the screen room bulkhead,

and thence to a 555 Dual-Beam oscilloscope, made by Tektronix,

Inc. Tektronix Type L plug-in units were used to preamplify

the signal. The traces were photographed on Polaroid Type 47

black and white film, and photographically enlarged to 8½"xll"

for data reduction. The oscilloscope camera was a Model 196A,

made by Hewlett-Packard. In some of the experiments, a Hewlett-

Packard Pulse Generator was used to blank each beam of the

oscilloscope simultaneously. This blanking pulse technique

a!_owed accurate time correlation between the two recorded

traces on the oscilloscope.
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C. MAGNETIC PROBE DESIGN

Small multi-turn inductive coils were used to measure

the magnetic field distribution in the 5" pinch. The probe

coils were five turns of #32 formvar covered wire, wound in a

single layer on a #48 drill, 1.93 mm diameter. The coil leads

were about i0 Cmo long, tightly twisted to avoid inductive

pickup, and were connected to 50 or 93 _ coaxial cable.

A protective pyrex sheath of 5 mm diameter completely surrounded

the coil and leads, and extended either through the sidewall or

through the anode (Fig. 6), sealed by an 0-ring.

Rather than drill several holes at different positions

_ _h_ _w_]1 i bent pyrex jackets (Fig. 6) were used to probe
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near the electrodes. The jacket was bent more than 90° , so

that the inward moving plasma sheet would impinge directly on

the probe tip. These bent probes were employed in making

radial surveys of magnetic field, while straight probes were

employed in making the axial surveys. Under identical

conditions, signals from the straight and bent probes agreed

to within a few percent.

The possible pitfalls in using these probes are discussed

by Lovberg, (19) who considers in some detail the perturbation

of the plasma by the probe. The dominant effects, and their

relative importance in the 5" pinch, are summarized in Table I:

Type of Perturbation

Plasma is cooled, striking probe

Impurities from boiling probe surface

Probe alters pattern of discharge

current

Magnetic flux lines diffuse slowly

out of plasma and into probe coil

Effect in 5" Pinch

Measurable

None

Measurable

Theoretically None

TABLE I

The first perturbation, the loss of plasma energy to the

probe by particle convection, is strongly influenced by the thin

Debye sheath which forms between the probe body and the plasma.

Plasma electrons, which have small mass and high thermal

velocity, strike the probe more frequently than heavy ions,
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and the probe surface acquires a negative charge. The

insulating probe surface cannot conduct current; hence the

electron sheath must repel enough electrons to satisfy the

condition of equal ion and electron flux to the probe. Since

the transport of heat in thermal plasmas is dependent on the

particle thermal flux, the thermal conduction to the probe is

qreatly reduced by the negatively charged sheath. Following

Lovberg's calculation of heat transfer by thermal flux to an

insulated probe, it is assumed that argon plasma covers the

entire probe surface, and that temperature and density are
22 -3

5 e.v. and i0 m . Neglecting the reduction of heat transfer

by magnetic field, then the thermal energy transfer rate from

argon is only about 104 watts. Power input to the plasma

exceeds 108 watts, and hence thermal heating of the probe

is negligible.

Kinetic energy loss to the probe is not negligible,

especially when probing a short distance from the center of

the chamber, since the probe jacket intercepts virtually all

of the heavy ions streaming into it. The fractional kinetic

energy loss to the probe is just probe area divided by current

sheet area, which is typically only .05 for axial probes near

the chamber wall. At the discharge center, however, the probe

absorbs most of the energy of the stagnating plasma (350 joules),

and as a result, shatters. For this reason very little probing

was attempted in the very center of the pinch. When necessary,

a nylon jacket protected the probe at the discharge center.
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Furthermore, since the probe jacket absorbs most of the

impinging heavy ions, no probing was attempted in the wake

of another probe.

Impurities from the boiling probe surface are not a

disturbing influence on the behavior of the discharge. All

of the gases studied have a high molecular weight, and hence

plasma density is not changed by small amounts of probe

material of similar weight. Impurities are undoubtedly blasted

off the probe by impinging ions, but these impurity particles

are obstructed by the probe and cannot follow the current

sheet. The probe probably contributes less impurity content

to the plasma than does the insulating chamber wall, pump

vapor, and other sources.

The local current distribution is severely modified by

the presence of a probe, which effectively reduces the local

electrical conductivity _" to that of the pyrex tube. The

magnetic field will fringe inward into this zero conductivity

region, reducing the B field gradient. As a result, the

probe cannot detect large changes in _ field which occur

over a distance less than the probe radius. The smallest

distance over which the _ field rose from i0_ to 90_ of its

maximum value was 7.5 mm, or 3 probe radii.

The effect of the probe on the _ field became especially

noticeable in one situation in the 5" pinch. If a straight

probe was extended radially through the sidewall, a propagating

current sheet was observed to double in thickness as it slid
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along the probe. It is suggested that the sheet was cooled

by the probe as it moved away from the wall and slid along

the pyrex sheath. Thus a nonconducting region encircled the

probe, and grew with time to flatten the _ field distri-

bution. The problem was solved by minimizing the amount of

pyrex over which the sheet had to travel to reach the coil.

_ia! _ght probes and radial bent probes accomplished

this satisfactorily.

probes have no hope of working in a plasma with

infinite conductivity, because the magnetic flux lines are

tied to the plasma particles, which flow around the probe.

With finite a" , the flux lines diffuse into the probe

cylinder, of radius _ , with a characteristic diffusion time:

r. [stc]

(20)
Plugging in Spitzer's expression for _ , calculated for

an electron temperature of 5 e.v. and zero energy ions, the

estimated diffusion time into a 2.5 mm radius cylinder is

This calculation is somewhat pessimistic, because it neglects

plasma cooling near the probe, which lowers conductivity. The

fastest risetime observed in the 5" pinch was 17x10 -8 seconds,

well within the expected probe response.

The probe output was integrated by a passive RC network
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shown below,

PROBE I#0_ =

R=

with a time constant RC = 57 usec. The total duration of the

pinch experiment was only 1.6 usec, and integrator error is

calculated to be less than 0.1% during the duration of the

experiment. The probe output is proportional to _ t , which

integrates to _ on the oscilloscope face. A probe coil was

calibrated by comparing its signal with the _0 field measured

by a calibrated Rogowski coil. For this calibration, the

discharge chamber was opened to the atmosphere and shorted

with a metal post, and the azimuthal B 0 field was calculated

from Ampere's Law knowing the total current and the coil radial

position:

./_. I [weber/m 2 ]

The method of calibrating the Rogowski coil to find total

current is described in part (F) of this chapter.

D. ELECTRIC PROBE DIAGNOSTICS

The electric probe, first developed by Burkhardt and

Lovberg, (9) is primarily a device to measure the difference in

_i .... p_ia] between two _Doints- Figure 7 shows _ ....y_
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and pulse transformer used in the experiments, and indicates

how the probe tip was constructed. The essential components

of the system, shown in Fig. 8, are: i) a ring and ball

electrode pair, separated along the ring axis by 2 mm of

epoxy insulator; 2) a parallel resistor R, which controls the

current drawn through the plasma; and 3) an isolation-step

down transformer to protect the oscilloscope from the plasma

potential of several kilovolts. The probe leads are insulated

by a 5 mmdiameter pyrex sheath covering the outer coaxial

conductor. The total angle of the conical probe tip is 35° .

The tip electrode of the probe is a hemisphere of copper,

0.3 mm diameter, having a surface area of 0.14 mm2. The ring

electrode is 2.8 mm in diameter, 0.15 mmwide, and has a surface

area of 1.32 mm2. Epoxy is used to vacuum-seal the probe tip,

and to provide insulation between the two electrodes.

The coaxial probe leads, of 1/16" copper tubing and #26

copper wire, are connected to 3 feet of 50 ohm coaxial cable,

in turn connected to the isolation-step down transformer

(Fig. 7), the design of which is discussed in Appendix B. The

transformer possesses a flat response between 1 and 16 megacycles,

covering the range of interest for this experiment. To reduce

parasitic inductance and improve frequency response, the 32

turn primary is wound tightly to the 1/2" diameter ferrite core,

insulated from the core only by 1 mil teflon tape. The 4 turn

secondary is wound on a 1-inch nylon bobbin, to reduce the

capacitance between the secondary winding and the core. The
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core is type W-03 ferrite, purchased from the Allen-Bradley

Co., and is bolted to an aluminum minibox. An indium gasket

between the ferrite and the minibox is added to insure good

electrical contact to ground.

The most difficult feature of the electric field

experiment is that the transformer must successfully pass

the electric probe differential signal, typically 75 volts,

and must reject the common mode signal, typically 1500 volts.

The probe system was tested for common mode response by

shorting the electrodes with conducting silver paint, and

observing a signal from the discharge of less than 0.8 volts.

This low common mode response was achieved by decreasing the

effect of interwinding capacitance three ways: i) using a

ferrite core, with a resistivity of 108 times copper; 2)

reducing the capacitance between the secondary winding and

the ferrite; and 3) increasing the capacitance from each winding

to the grounded aluminum box. As was mentioned above, the

primary winding could only be spaced far from the ferrite at

the sacrifice of good response at high frequencies. During

the experiment the transformer sat on the ground plane, adjacent

to the screen room.

While the electric probe circuit measures the difference

in floating potential between two points in the plasma, the

difference in plasma potential is actually the desired exper-

imental measurement. The potential distribution between two

floating probe electrodes of an electric probe is shown in
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Fig. 9. The voltage difference _-_ , which is measured
-2-- i

by the circuit, is equal to the difference in plasma potential

between the electrodes, less the difference in sheath voltages

on the two electrodes:

%
I

Thus the sheath drop term must be small if the probe is to

respond accurately to plasma potential difference.

Consider a conical floating electric probe tip at zero

angle of attack to a streaming, fully ionized plasma, typical

of experimental conditions. The plasma electrons are

characterized by a temperature of about 5 e.v., and a density
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-3of 1022 m . The Debye length is 10-7 m. The ion density

equals the electron density on a scale larger than the Debye

length, and the ions have a kinetic energy of 400 e.v.,

assumed to be large compared to their temperature. One expects,

in the absence of ion-ion collisions, that an ion far from the

probe moves toward it in a straight line. In the vicinity of

the probe tip the ion falls through the potential V_ , b_t if

is small enough compared to the ion kinetic energy, the

ion will continue to travel in a straight line until it strikes

the prober and by assumption, is absorbed. Both ions and

electrons cross the Debye sheath in times short compared to

the time for the current sheath to convect past the probe, and

the probe will thus always be in phase with the plasma potential.

This problem of collisionless ion flow over a cone has

been defined and investigated by Lam and Greenblatt. (21) They

consider only the case of highly negative body potential, so

that the electron density is related to density far from the

probe by the Boltzmann formula:

=

where _ is the local electrostatic potential. Lam and Green-

blatt show that in general the potential drop between the plasma

and the body occurs in two regions. A drop occurs in the

flow field between infinity and the edge of the Debye sheath,

and a further drop _ occurs across the Debye sheath. If the

half angle of the conical probe _ Is _8 ( _ = ___° in this
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case), then a condition for VC= 0 exists between ion kinetic

energy, electron temperature, and 08 :

(2)

In the flow field being measured, 8o is about 4.4 ° , less

than _8 ' and therefore an ion experiences no potential drop

until it enters the Debye sheath.

Rearranging Eq. (2), satisfying the condition Oem_o

(22)
becomes equivalent to satisfying Bohm's criterion, that

ion velocity normal to the sheath exceed the ion-wave speed:

Chen has shown (23) that the Bohm criterion guarantees a

monotonic variation of potential V(X) across the sheath.

Calculation of the ion-ion mean free path yields a mean

free path of 0.3 mm near the probe tip, compared to a typical

probe dimension of a millimeter (Fig. 7). An ion may collide

a couple of times near the probe, but is deflected a small

amount because ion streaming velocity is an order of magnitude

larger than ion thermal velocity. Ion-electron collisions are

ten times more frequent, but the momentum transferred is

negligible. Ion Larmor radius at maximum magnetic field is

2 cm., a value large compared to probe dimensions. To a good

approximation, the collisionless assumption and the Lam-

__] m_ __7 _7 _ 11_ _

Having established that ion trajectories are straight
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lines, the ion capture areas for the two probe electrodes are

simply related to probe geometry, as shown in Fig. i0. The angle

of the hemispherical electrode is greater than at each point

on the surface, so that the above results are applicable. The ion

capture area for the electrodes is then just their projected

frontal area, which for the hemispherical electrode is A 1 .07 mm 2

and for the ring electrode is A 2 = .92 mm 2.

The flux of electrons to the probe due to their random

thermal motion is determined by their density, temperature,

and electrode surface area AS, which is of course larger than

ion capture area, as shown in Fig. i0. Assuming a Maxwellian

distribution, the integration over those electrons in the high

energy tail of the distribution which have sufficient energy

to surmount the unfavorable sheath potential , yields
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the electron flux to the electrode of surface area AS:

=
_2_/_ e _ _ "T"c /

Electron Larmor radius is on the order of 10 2 times Debye

The flux of singlylength, so magnetic field is neglected.

charged ions is simply:

: -n.. UAc.

The condition of zero net current to the electrode demands

the equality of electron and ion flux, and noting that

, the sheath potential becomes:

VOLT*,]

The logarithmic term will change very little between the two

electrodes, despite changes in Tc and the area ratio. Assuming

A©/A$ = 0.5, _/ = 5xlO 4 m/sec, and -_ = 5 e.v.:

The sheath drop is on the order of a few times the electron

temperature.

The above derivation of sheath voltage has ignored the

effect of magnetic field on the electron flux to the probe.

If electrons are restricted to move along _ lines, perpendicular

to the probe axis, then the electrode capture area for electrons

2-25



is still equal to the surface area. If the electrons are

assumed to possess a Maxwellian distribution along the

lines, then the electrode averaged normal velocity component

of the electron is lower than the zero _ case, and the

sheath drop is slightly reduced. This result increases

electric probe accuracy. Derivation of the sheath drop in

the case of axial probing yields a result of the same order

as for the radial probing just described. The only different

consideration is the ion capture area, since ions stream

perpendicularly to an axial probe. The effect on the sheath

voltage is no more than 15 percent.

Having estimated the magnitude of the sheath voltage,

Eq. (i) can now be evaluated to estimate the probe error.

Assuming that the plasma potential gradient is constant over

, substituting Eq. (3) for thethe electrode separation

sheath voltage :

- 7V =E vd,-v ,
6

Z.7 • %,.-%,
e.. &

The electric field is given accurately by this equation if

is small compared to a sheet width, and if the second term

on the right is negligible when compared with the first. In

the center of the sheet where the maximum temperature gradient

exists, the electron temperature is no more than several

electron volts, and the voltage difference Vd,-V_! will be

50-80 volts. Thus the error due to temperature gradient is

small, and the probe will accurately measure the plasma
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potential difference. For the probe used in the experiments,

is 15 percent of the sheet width, and the probe output

signal is directly interpreted as an electric field measurement.

The electric probe electrodes conduct zero current in

theory, but not in practice. The net current drawn by the

isolated probe as a whole is zero, but current does flow

between the electrodes and through the impedance R , of

amount

id _ v ,-Vd.
R

Since saturation current in the probe circuit is limited by

the ion current to the negative electrode, _d must be small

compared to this current, which places a requirement on the

impedance R :

_$,T is the

is the case when

V_ -- VJ I

R > Rs.T :
eeUA+

largest when A_ is the tip electrode, which

points radially outward. Then:

[ohms ]

(Fig. 8) wasFor most of the experiments the resistor

50 ohms, allowing about 30 percent of the maximum theoretical

saturation current to flow, and also terminating the probe

cable. This value of R was sufficiently large for radial

probing, since increasing R did not change the probe output.

In axial probing, however, large electric fields exist in the
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region far behind the sheet where electron density is low, and

it was found that the 50 __ resistor allowed saturation current

to flow in the probe. This effect is displayed in Fig. ii,

showing the signal decaying at times 10ng after the sheet has

passedo Thus the resistor R was removed entirely for axial

probing, and a current well below the saturation level was

driven directly through the transformer primary winding imped-

ance of about lo3x104 ohms. For radial probing, _ = 50__

was satisfactory behind the sheet, because radial electric

field was small.

E. EXTERNAL AND INNER VOLTAGE PROBES

The voltage between ground and a point on the inner

electrode was measured with a Tektronix P6013 High-Voltage

II
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Probe. The input resistance of the probe was 108 ohms, and

the voltage was attenuated by 103 times before being displayed.

The probe cable passed through a small slot in the screen room

door, thence to the 555 oscilloscope. One probe lead was

clipped to ground, and the probe tip was connected to a high

voltage tap from the cathode.

Two types of voltage taps were used, and were distinguished

by their position in the chamber. One type, previously mentioned,

extended radially from the edge of the cathode, and out through

a 1-3/8" insulated hole in the outer tubular conductor. The

voltage measured on this tap with the H-V probe is contributed

by the resistive drop in the plasma, plus the changing magnetic

flux in the chamber and insulator:

(4)

The other voltage tap, called an inner voltage divider, extended

axially through the anode at a constant radius, and made contact

with the cathode. The inner voltage divider was electrically

insulated from the plasma, except at the tip contact point.

The voltage measurement by the H-V probe from the inner voltage

divider is shown in Fig. 12 at a given time in the chamber. By

Faraday's Law, for a closed path fixed in the laboratory:

= -

The inner voltage divider carries no current, so the electric

x±_u=_-_=_o_--_;^_ _ is ___7__. Al_os__ the electric field inside the
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high conductivity electrodes is zero. Thus if 1-2 is some

arbitrary path from inner to outer electrode, if _z is the

flux enclosed between 1-2 and the inner voltage divider, and

if V_ is the inner divider voltage below ground, then:

Note that V I is independent of the choice of path 1-2, so

that a relation is defined between _Iz and _az • Also, if

1-2 is chosen so that _IZ is zero or constant in time, then:

I
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Thus, where _z is constant the integral from 1 to 2 is

independent of the path, and is nonzero because of the

resistivity of the plasma:

2

l

Henr_ plasma resistive voltage drop is determined with the

inner voltage divider, ahead of the sheet. Assuming that the

plasma resistance remains constant in time, Eq. (4) can be

solved for the flux change contribution to the chamber

voltage.

F. ROGOWS KI COIL

The Rogowskl coil is a double layer of copper wire

wound on a toroidal dielectric form as shown below:

and is designed to respond to the total current, regardless

of distribution, passing through the toroid. In this exper-

iment the current was found to be evenly distributed on a

cylindrical sheet, making B 8 azimuthally symmetric. From

Ampere's Law, for a closed path encircling a current distri-
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bution j, the magnetic field B is related to current by:

5
[mks ]

The line integral thus depends only on total current I ,

and for a circular path enclosing I , of diameter D :

.._8-_ _ ,-'TDB e - _oZ"

The voltage generated in the Rogowski coil is the number of

turns times the rate of change of flux in one turn:

V,o.= = F; 3

_A equals flux in the coil.where

This voltage is integrated by RC network, yielding a

signal proportional to the enclosed current:

[volt-sec]

The Rogowski coil in the 5" pinch is about 14 cm in diameter,

2
and has 16 turns wound on a 2 mm form. The unintegrated

voltage is about i00 volts, and the coil must be well insulated

to prevent arcing.

The current flow in the 5" pinch was cylindrically

symmetric, enabling the current waveform to be conveniently

di_1_,_ hy a sinale B_ probe coil placed in the chamber

insulator.
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The Rogowski coil was calibrated by discharging the

capacitor bank through a resistor, and equating the time

integral of the integrated Rogowski coil voltage, multiplied

by a calibration factor, to the known charge on the bank.

The resistor was made of .001 '° stainless steel shim stock,

and produced enough damping to eliminate ringing of the

current. The resistor was destroyed by heating after five

shots.

G. KERR CELL PHOTOGRAPHY

Kerr Cell photographs of the discharge were taken on

a Cro_ Graphic 4"x5" recording camera, equipped with a

Polaroid back. A Kerr Cell type shutter, made by Electro

Optical Systems, Inc. exposed the Polaroid film for .05

microseconds, sufficiently stopping the plasma motion.

Radial view photographs of the discharge were taken through

the open end of a special horseshoe-shaped conductor (Fig. 13),

which permitted viewing of the entire chamber. An aluminum

screen was placed in the optical path to reduce the effect

of radial leakage of magnetic field, ' but no quantitative

change in the discharge, due to preventing this leakage,

was observed.

H. DISCHARGE SPECTRUM MEASUREMENTS

To estimate the amount of ionization and the electron

temperature in the chamber, spectrograms of the discharge

were taken with a Bausch and Lomb 1.5 Meter Spectrograph,

2-33



S///,/_////_ _'?-.,. RETURN CONDUCTOR
/
,(

I ,
I

PINCH CHAMBER

KERR CELL SHUTTER
( 5 X I0 -8 SEC J

CAMERA

/
F

0

0

APPARATUS FOR SIDE VIEW PHOTOGRAPHS

FIGURE 15

%

%

equipped with i0, 30, and 60 _ slits, and providing a

o
dispersion of 16 A/mm in the first order. The discharge was

viewed through a radial slit in the anode of the 5" pinch,

extending from the insulator to the discharge center. A small

lens focused the anode slit onto the spectrograph slit. An

argon reference spectrum from a Geissler tube was taken before

each exposure, made on Royal X Pan film. The spectrograms

were not time resolved.
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Chapter III

EXPERIMENTS, DATA, AND RESULTS

A. TOTAL CURRENT AND VOLTAGE IN THE CHAMBER

The bulk of the experiments were performed in the 5"

pinch chamber with argon test gas at 120_ Hg, and a capacitor

bank voltage of i0,000 V. It was previously observed (27) that

a pressure of 120 _ Hg in argon gave a reproducible discharge,

desirable for shot-by-shot surveys. In the 5" pinch, furthermore,

preliminary B probe studies indicated that self-induced

magnetic fields acted on the current sheet all the way to the

chamber -^_ _ _treak Dhotoqraphs showed that the sheet

propagated inward at nearly constant velocity. Finally, the

sheet trajectory agreed well with that predicted by the snowplow

model, indicating that the current sheet was sweeping up and

accelerating most of the argon into which it propagated.

The total circuit current, as measured by a calibrated

integrated Rogowski coil signal, closely resembles a damped

sinusoid (Fig. 14). Deviation from the damped sinusoid waveform

is caused by the pinching current sheet, which increases chamber

inductance. Times at which magnetic and electric field distri-

butions are calculated are indicated by circles on the waveform.

ix1012 -iThe maximum current rise rate is i. amp sec , and a

maximum of 3x105 amperes flow in the circuit at 0.44 _sec after

...... _^ curre_e 9h_n decreases nearly linearly,chamber Drea_Qown. _ .......
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falling to zero at 1.20_ec. At this time, the leading edge

of the current sheet has propagated to the center of the

chamber. Finally, the diameter of the luminous column reaches

a minimum at 1.60_sec.

Voltage between the chamber electrodes is measured with

a radial voltage tap to the cathode, corrected for the voltage

contributed by ch_Dging flux in the insulator (Fig. 15):

Vchamber = VP rObe - _t Linsulat°r

-9
where the insulator inductance is 1.6x10 henries. As dis-

cussed in Chapter II, the line integral of electric field

between the electrodes depends on the electric field induced

by the magnetic field, and hence, on the path taken for the line

integral. Thus, inter-electrode voltage is a function of radius

for paths parallel to the chamber axis. The chamber voltage is

defined as the voltage at a radius RiCo = 1.0; i.e. a path

adjacent to the insulator.

The chamber voltage reaches a maximum of -2500 V at 0.37

_sec, prior to the maximum in total current. Voltage then

falls to zero at .95 _Lsec, finally reaching +850 V at pinch

time. Noise on the traces in the first .l_sec precluded any

voltage measurements during the highly resistive breakdown

phase, as voltage decreases rapidly from -i0,000 V to an

intermediate value as conductivity increases in the plasma.

Power input to the chamber, or total circuit current times

chamber voltage, is shown in F_g. 16. Maximum input power is
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730 megawatts at 0.4 usec. Power flows out of the chamber

from .95 to 1.20 _sec, between which times the chamber voltage

has reversed but the current has not, and power then flows

into the chamber at a low level at later times.

The energy input to the chamber, or the integrated power

_nput, reaches 45 percent of the capacitor bank energy at .95

_ec, and exceeds 50 percent as the current damps out to zero

(Fig. 17). Assuming that the remaining 50 percent of the energy

is lost in IzR heating outside the chamber, the average

external circuit resistance for the complete current ringdown

can be calculated:

= 6.7xi0 -3 [o,M)]

This resistance is only 22 percent higher than the circuit

resistance predicted by the snowplow model (Appendix A).

All of the above circuit measurements of current, voltage,

power, and energy agree well with the snowplow model discussed

in Appendix A.

B. KERR CELL PHOTOGRAPHY

Photographs taken with the Kerr Cell, viewing radially

into the chamber (Fig. 18), show that a cylindrical luminous

front, moving at constant velocity, pinches to an intense plasma

column at the chamber center. During the dynamic phase of the

pinch this luminous front can be described as five distinct

regions, depending on _x_al and radial position•
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Referring to Fig. 18, a "foot" exists along the anode

(top electrode in the photographs) in which the luminosity

and current distribution are more diffuse than in the main

part of the sheet. The radial position of the foot at the

point of anode attachment is ahead of the main sheet, as is

shown by measured trajectories (Fig. 19). However, the

measured trajectories show that the velocity of the main sheet

equals or slightly exceeds the velocity of the anode foot

attachment point. This observation is consistent with magnetic

probe measurements, which show that a lower radial

force density exists along the anode than in the main sheet.

A dark toroidal region in the anode foot appears at the

same radius as the main sheet. This anoae dark region is

bounded on the outside by a faintly luminous sheet, which

appears as a pair of hooks, curving outward from the main sheet

and upward toward the anode. The axial height of the dark region

grows with time (Fig. 20), and approaches 1.5 cm just before

pinch. No corresponding pattern was found in the current

density which would explain the dark region.

The photographs at 1.25 and 1.50_sec show a luminous

cylindrical band, axially adjacent to the anode dark region.

The hook patterns emanate from this luminous band, which is

1 cm wide, measured in the axial direction. In the 1.80_ec

photograph the bolt has been removed to expose the pinch

column on the axis.

A uniform, thin, highly intense front exists in the
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midplane region of the discharge, and coincides with the peak

in current density. A magnetic probe placed in the discharge

responds with a _0 peak at the time that the luminous sheet

passes the probe coil, which is visible in the photograph

(Fig. 22). The velocity of the luminous sheet is 4.3xi04 m/sec,

constant from RJ_ o = 0.8 to RI_ o = 0.2.

The luminous sheet tilts slightly toward the anode at

a small angle to the chamber axis. The tilt angle _ is

near zero at a large radius, and approaches 6 ° near the axis

of the chamber (Fig. 21). The increase in _ with time is

possibly indicative of a "sausage" instability in the current

sheet, but _ was so small that it was less accurately

measurable with B probes than with the Kerr Cell photographs.

A foot exlst_ on the cathode; trailing behind the main

current sheet, but convecting at the same velocity (Fig. 19).

The cathode attachment point is highly luminous, unlike the

anode attachment, but the current density distribution in the

cathode foot is diffuse, as is the case with the anode current.

The axial height of the cathode foot increases with time,

becoming about 4 mm near the axis of the discharge.

Two small pips are visible in Fig. 18, protruding radially

outward from the discharge about 8 mm from the cathode. These

pips belong to a luminous ring, which is faintly visible behind

the discharge on the left side of the 0.75_ec photograph.

The ring has not been detected by other means, and remains

unexplained.
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C. SPECTRUM OF THE DISCHARGE

AND ESTIMATE OF ELECTRON TEMPERATURE

The spectrum of the discharge was photographed through

o

a spectrometer between wavelengths 3250 and 6400 A (Fig. 23).

The lines which are bright at all chamber radii are radiated

by the excited neutrals and singly and doubly charged ions

of argon, carbon, and aluminum. Quite broad Balmer _ and _

........ + _ 1_n_s from AIII are visible at the
_II_ _ __A_ I .........

center of the discharge. Continuum radiation is also brightest

at the chamber axis.

On the basis of this spectral data the electron temp-

erature in the plasma must at least be several electron volts.

An analysis by Petschek and Byron showed that the ionization

of atoms by low temperature electrons is a multistep process,

in which an atom or ion is first raised to the first excitation

level by electron collision, then is ionized by another or

perhaps several, collisions. (29) The time to raise an average

neutral argon atom to excitation by electron collision has been

computed as a function of -[e (Appendix C), yielding the equation:

2 .i,+ C IT.)
(5)

where _C is in m "_ is in e.v., and for argon neutrals,

_ = 11.5 e.v. For the case where _e = 1022 m-3, Fig. 24

shows that electron temperature must exceed a couple of electron

volts if most of the atoms are to be excited during the time of

==_ ^_^_ _ = __nnd_ The uniformitv of
the experiment_on _= _ .................... _
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the spuetral lines in Fig. 23 perhaps indicates that the time

to excite is less than the transit time for a heavy particle

through the sheet, which in turn implies an electron temperature

of 4 e.v. or larger.

An upper bound on the electron temperature may be estimated

by constructing a model for the electron energy balance. The

electron swarm will receive energy primarily from ohmic heating,

and to a lesser extent, from any more energetic ions° The

primary energy loss mechanisms are radiation, heat conduction,

and inelastic ion collisions.

The power loss to radiation can at best be estimated,

after looking at the spectra, as at most a few percent of
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black body radiation. Thus:

[watts]

where _ is Stefan's constant: O _ = 5.7xi0 -8 watts/m 2 0/{4.

For a sheet at radius _ = .03 m, and expressing "_ in e.v.:

_-¥
PR << le [¢.v.]_/0 7. r..,,_ _ o

For % equal to several electron volts, the total radiation

is small compared to 109 watts. Because the lines are far

apart in the spectruma and are relatively narrow, the radiation

power loss is probably not higher than 107 watts, an amount

small compared to the ohmic heating.

The heat lost by conduction from the center of the sheet

may be estimated very roughly:

 r(X [watts/m 3 ]

where L is a characteristic length, the sheet width, and

_rr is the

(Ref. 30) :

component of the heat conductivity tensor

Xrr _ O.&
I ÷./_

where __ is the ratio of cyclotron frequency to collision

frequency, called the Hall parameterz and the cutoff parameter
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__ has been taken as 6. For a 5 mm thick sheet:

d
_r/_ 3 _/0 P

! *./22-
[watts/m 3 ]

For -_e = 4 e.v. in the center of the sheet and a

volume of 10 -4 m 3, _/_ is larger than uni_y in the current

sheet, and the heat lost is less than 106 watts, again small

compared to ohmic heating. At the front edge _£ the _

however, ohmic heating is small, _/_ is small, and heat

conduction can effectively smooth out the temperature

gradients.

The power loss by inelastic collisions "'_w_.. _=_..-......n_trals

may be calculated from Eq. (5), assuming that in each collision

with an argon neutral the electron loses the excitation energy,

--- _ _ _ re-_ [watts/m 3 ]

Taking _C = i022 m-3, excitation energy _ = 11.5 e.v., a

3 and the previously calculated _explasma volume _ = 10 -4 m ,

(Fig. 24), the net power lost by the electrons, _V , is

calculated below for several values of -_ :

-_e , e.v. _ , megawatts

3 5.2

5 45

7 115

9 234
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Since the total energy transfer rate to the electrons is

estimated to be about i00 megawatts (Chap. IV), the electron

temperature is therefore probably 6 e.v. or lower.

Summarizing the proposed model of electron temperature,

at the front edge of the sheet ohmic heating is small and

heat conduction is efficient, so that the electron temperature

will be spatially uniform, and on the order of an electron

..-_ T_ _ __ _ the sheet ohmic heating is large, and

heat conduction is low, so that the temperature adjusts to the

rate at which ohmic heating balances the power loss by inelastic

collisions. The center of the sheet radiates more strongly

than other regions, because of the high temperature and density.

At the back end of the sheet ohmic heating is again small, and

the electron temperature decreases. Behind the sheet the

electrons begin to equilibrate with the ions, although this

is a slow process, requiring thousands of collisions.

D. INNER VOLTAGE DIVIDERMEASUREMENTS

The inner voltage divider was inserted axially across

the chamber at radii _/_o = .85, .66, and .48, and voltage

was measured with the high voltage probe. Figure 25 shows

the rapid voltage rise as the current sheet passes the inner

voltage divider at _/_o = .66 and .48. The lower trace in

each oscillogram is total circuit current measured by the

Rogowski coil, and provides a time correlation.

Once the resistive breakdown phase of the discharge is

complete, the voltage on the inner divider drops to i00 volts
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and remains constant until the current sheet arrives. At

least 50 of the i00 volts is accounted for by the magnetic

flux increase near the anode, found from magnetic probe

measurements. Thus no more than 50 volts can be accounted

for by resistive drop, much of which may exist in an anode

sheath [12]. The small magnitude of this sheath drop precluded

any measurements with the present diagnostic equipment, however.

Knowing that total current is approximately 2x105 amps, by

Ohm's Law:

Rplasma < 0.25xi0 -3 [O,M$3

Except for the small resistive drop, the voltage measured by

the inner voltage divider is induced by changing flux between

the probe and the chamber axis. Figure 25 shows that the

voltage on the inner divider remains large after the sheet

has passed, and does not go to zero along with the total circuit

current. Even after 1.20_sec, when the total current through

the chamber has reversed sign, and chamber voltage has also

reversed, the inner divider voltage has not reversed, showing

that magnetic flux is still increasing between the divider and

the chamber axis. The current sheet has decoupled from the

external circuit, and two sheets of positive and negative

current exist simultaneously in the chamber, so that each

electrode acts as both anode and cathode. This phenomenon is

more clearly illustrated by a detailed magnetic probe study.
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E. MAGNETIC PROBE MEASUREMENTS

Magnetic probe coils inserted radially and axially into

the discharge chamber were used to map B 0 as a function of

radius, axial distance, and time, for 120_Hg argon, i0 kV.

Data was taken at points 1/8" apart, and five shots were

overlaid on the oscillogram at each probe position. The

Rogowski coil signal was recorded on the second beam on every

shot, to insure that the scope trigger and discharge were

operating properly. The points taken in the surveys are

indicated in Fig. 26, together with an oscillogram of the

probe output. A survey along the midplane was taken, but not

used, when it was found that the probe distorted the magnetic

field for this survey, as discussed above.

In the data reduction, advantage was taken of the fact

that the axial and radial surveys intersected at several points

in the chamber, since at a given time the two measurements of

_0 field must agree. Another aid to data reduction was the

known constant velocity propagation of the magnetic field,

which implies that 8eC_) at a given radius and %_) at a given

time are related by a Galilean transformation. For short times,

acrossso that external current and convective velocity

the probe are constant:

Boc,-- Cro.,
Knowing U , the _e spatial distribution can be quickly

estimated from the integrated record of a single probe coil.

In addition, smooth magnetic field distributions may be drawn
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with confidence from the scattered and sometimes discontinuous

appearance of the survey data. The data is "improved" by this

method of forcing the data points to fit a predetermined wave-

form, and the assigning of error bars to the curves therefore

becomes somewhat arbitrary. It is fair to say, however• that

the error is certainly less than 15 percent.

The current density patterns, derived from spatial

derivatives of 89 must also bear resemblance to the _

output of the magnetic probe. The axial current density is
_.A

given by the _ component of the curl of _ from Maxwell's

equation:
%f'2 r'_

_O o0

_--=_- =_,_ming constant current and sheet velocity _ •

(s)

Thus the axial current profile is known to a good approximation

from a single probe coil record, and Eq. (5) may be used to

estimate the peak current density• or to compare peak density

at different points in the chamber. As in the case of the _0

the error assigned to the _ distribution isdistribution,

certainly less than 15 percent due to this technique.

The contours of enclosed current in the chamber are derived

from the _0 distributions by Ampere's Law:

[amperes]
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These lines of constant current have been plotted at times

of .30, .60, .90, and 1.20_sec. (Figs. 27 to 30). Most

immediately striking is the conduction of current over the

entire anode surface beginning at _ = O . The current density

near the anode far ahead of the sheet is typically 106 amps/m 2,

compared to 108 amps/m 2 in the main sheet, but the radial

component is larger than the axial component, as can be seen

by the angle of the current contour to the electrode.

Approximately 1.5 cm from the anode the current flows

nearly axially, with only a slight tilt, and is uniform between

I_ = 0.75 and 0.25. The line of maximum current density is

shown on Fig. 31, and the small tilt angle in the central region

implies that the radial component of the peak current is small

compared Lo ......L,_ _4_ _,L,r_.._............_. Af_.... 0.90 Ltsec the reqion
J

of radial current near the anode propagates inward and also

toward the cathode, eventually reaching the midplane.

Negative current flows near the insulator wall after

.75_sec, but does not disturb the magnetic field patterns in

the first sheet. This negative current is forced to remain at

the wall, since _i _ points radially outward in this region.

The current in the main current sheet becomes larger than total

circuit current as the pinch proceeds, as shown inFig. 32.

When circuit current is zero, at 1.20_sec, 1.0xl05 amperes

still flow in the first sheet and _ _ work is being done

on the plasma. Thus, total external current does not imply zero

magnetic energy in the discharge chamber, and the concept of a

single overall inductance for the _,,_,__=_ 4_ ,__ah]e._...........
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Calculation of the current density from Maxwell's

equation was simplified, since nowhere in the discharge chamber

was a radial or axial component of B observed. Furthermore,

the shot-to-shot reproducibility and the symmetry of Kerr Cell

photographs make valid the assumption that azimuthal {02

gradients are zero. Under these conditions only two components

remain from Maxwell's equation for current density:

= r _r-

Because the axial gradient in _# is always small compared

to the radial gradient, except in the region of the anode foot,

the electromagnetic acceleration is dominated by the inward radial

_ 8 6 term. Axial current _ has been determined by graphical

differentiation of the 8 O field according to the above equation,

and the results are plotted for nine selected times, in Figs. 33

to 41. In each graph the m-_ plane is horizontal, and _'_ is

plotted in the vertical direction. The axial position of the

current density maxima is shown more clearly in Fig. 31.

Several important aspects of the current density distribution

in Figs. 33 to 41 have been already mentioned. The current density

pattern on the anode is broader than in the main sheet, and never

exceeds .8x108 amps/m 2. The anode current reaches the center of

the discharge prior to the main sheet, which in turn pinches before

the current to the cathode. The cathode current density peak is

lower than the main sheet, and is typically .9x108 amps/m 2.

The maximum current density observed in the main sheet
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is 1.4x108 amps/m2.- The radial width of the main current

sheet varies by 20 percent, being greatest when the maximum

circuit current is being conducted, but on the average is

8 mm. After 0.4_sec, the sheet propagates at a nearly constant

velocity of 4.3xi04 m/sac, until pinch time.

Negative current, flowing in the opposite direction to

current in the main sheet, is first observed near the wall at

0.75_ec. Before circuit current reversal, this small negative

current is unable to reverse the direction of 8 O , and so is

pinned against the chamber wall by the locally outward

force density. At 1.20_sec the _O field reverses sign,

directing j_8 O inward, and a second sheet is free to

propagate. The second sheet moves into a plasma with unknown

varying properties; it's structure is not investigated.

1_he distribution uf _r_ force d_,_ity di --I .... _^

same feature as the axial current distribution. A typical

_, _@ distribution is compared with _ in Fig. 42,

showing that _, _O peaks at a larger radius than _, . The

average peak value of _0 is .Sx108 newtons/m 3 as the

main sheet propagates inward.

e

Although measurements show that _9 decreases near

the electrodes, similar axial variations in the integrated

force 2_0 r_r do not exist. Near the anode the current

sheet is relatively thick, and the _e _O force density acts

over a larger volume, so that integrated force along the anode

is comparable to that in the main sheet. Figure 43 is a plot

of the axial distribution of radial force
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at different times. Except for a thin cathode region, the

radial force shows little change throughout the chamber.

Integrating _B_ over the entire current sheet

volume and chamber volume yields the total radial electromagnetic

force _ as a function of time (Fig. 44). Outward radial

force appears when the second current sheet forms at .75_sec,

and thus the integrated force over the whole chamber volume is

less than the force on the first current sheet. Maximum

electromagnetic force on the current sheet is 8450 newtons

(1900 pounds), at .53 _sec. Dividing this force by the current

-_-^_ ...... ,._h the force acts yields an electromagnetic

pressure of 5.88xi06 dynes/cm2 (6 atmospheres).
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The net impulse imparted to the first current sheet is

calculated from the time integral of the radial force

Fig. 44. At the pinch time _p :

£r

= 69- m

in

The initial mass _;'_o filling the chamber is, for 120p argon:

-7

The total impulse divided by 7_Z o defines an impulse velocity

_O
o

This value of _ corresponds to a thruster specific impulse

of about 4,000 seconds, and agrees closely with the measured

velocity of the current density maxima near the chamber axis

of 4.3xi04 m/sec. This agreement indicates that nearly all

the mass in the chamber is swept up by the current sheet,

precluding the possibility that, to achieve the measured impulse,

a "leaky" current sheet might have elected to accelerate a mass

less than _o to a velocity greater than _ .

Integration of the magnetic field in the chamber yields

the time dependent magnetic flux _(_) :

k Ro

o O

This integrdl is p±u_-3^_ _._....P_g. 45.. comDared_ with the time
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integral of the chamber voltage /_H _

o

_6_2 when the plasma resistance is zero.

, which equals

The close

agreement of the magnetic and voltage probe data provides

more evidence that the impedance of the chamber is inductive

and not resistive.

The radial current density

graphical differentiation of the BO

was also determined by

field. Figures 46 and

47 show _r versus _/_ at eight selected times, for R/Ro= 0.5.

In the central region of the sheet the radial current density

is an order of magnitude smaller than _'_ , consistent with

the observation of a small tilt angle. The vector relation

among the components of current density is shown below; to

The magnitude of the radial ion current is computed by assuming

the incoming particles are fully ionized, which gives a value

_ = 2.9xi07 amps/m 2. The radial current _r is the sum

and electron current, and when added vectorially to _,of ion I

..%

causes the total current _ to tilt an angle _ from the

- "-. _ _ and _ (Fig. _,_I_ ____ h_th measured to be
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a few degrees, it is very probable that the tilt angle of

the current sheet is just that angle seen on the luminous

photographs (Fig. 18).

The data shows Pig. 4_ that the radial current density

on the electrodes reverses sign as the sheet passes the probe.

Before .75_sec, _m is positive (radially outward) on the

anode, and zero on the cathode. At later times _ is negative

on the anode and positive on the cathode. This behavior is

more clearly shown in Fig. 29, and corresponds to the behavior

of the luminous "hooks" discussed previously. Behind the

sheet _ was found to be zero at all axial positions.

F. ELECTRIC PROBE MEASUREMENTS

A point-by-point survey of the radial electric field was

made at 1/8" intervals for conditions of 120_ Hg argon, i0 kV.

(Figs. 48 and 49). Double overlays were taken, moving the probe

outward in 1/4" steps beginning at a radius of 5/8", and then

inward in 1/4" steps beginning at a radius of 2-1/4". The

Rogowski coil signal was recorded simultaneously on the lower

trace of the oscilloscope, and a blanking pulse recorded

simultaneously on both beams provided a time correlation.

The distribution of the radially inward electric field

is sharply peaked, and the trajectory of this peak agrees well

with the axial current maxima and snowplow results (Fig. 50).

The _ maxima exist at a slightly larger radius than the

axial current maxima for all times, and move radially inward

at the same velocity. It was found by simultaneous probing
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of the discharge with magnetic and electric field probes,

that the radial separation between the _r and _ maxima

in Fig. 50 is about 1.5 mm. Figure 51 is an oscillogram

showing that the _m maximum occurs .035_ec later than the

•maximum in . Interpreting the 8 O probe trace in Fig. 51

as a convecting distribution of magnetic field, the 1.5 mm

separation can be calculated. Furthermore, the E_ maximum

is found to coincide Wltn the m_xilttum in clcctrom_gnetic force

• _ B 0 The equality of the electrostatic forcedensity

density _e _m and _80 is discussed in Chapter IV.

The electric field distributions in Figs. 48 and 49 show

that E_ is either zero or sl _±_ly p_ve......... Cradiallv inward)

far ahead of the current sheet, and rises sharply at the sheet.

The pulse has a half width of about 7 mm, and behind the current

sheet the electric field reverses direction, and points radially

outward.

The small scatter in data points in the _r(_') distributions

is due in part to the method of crossplotting the _(_) records

from the oscillograms. The pulse blanking marks and Rogowski

coil records were initially used for time correlation in the

r-_ plot of maximum _ (Fig. 50). A curve was fitted to

the peak _m data points, and this curve was assumed to

represent the correct arrival time of peak electric field at

each radius. In this way a smoothly varying function _)

was crossplotted into a smoothly varying function _r_) .

f--

The integral of the radial electric field ]Em_ was
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computed from the sheet leading edge, where E_ rises sharply,

to the back of the sheet, where E r falls to zero (Fig. 53).

The resulting integral, which is equal to the change in electro-

static potential of an ion moving from the front to the back

edge of the current sheet, is a function of sheet position,

or equivalently, time. This potential across the current sheet

achieves a value of more than--200 volts at _/Ro = .90, remains

constant to R/Re= .55, and then decreases linearly for the

remainder of the inward excursion.

It is important to notice that despite strong experimental

evidence that the current sheet is effectively accelerating the

bulk of the argon, the electrostatic energy drop across the

current sheet is not sufficient to impart sheet velocity to a

stationary singly charged ion. An argon ion in the gas in front
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of the sheet has an energy of 430 e.v. with respect to the

sheet, and less than half of this energy can be supplied by

the electrostatic potential. A one-dimensional theoretical

model of the current sheet is presented in Chapter IV, in

which it is hypothesized that the ions are accelerated both

by electromagnetic and gasdynamic pressure forces.

Two - ............ _ _h_ axial electric field E_ were

made at radii _/Ro = .48 and R_o= .66. These surveys

established that _Z is induced by the magnetic field. A

typical axial electric probe output versus time is shown in

Fi_. 52 a compared with a e, siqnal from a magnetic probe at

the same position, RiR o : .66 and _/k = .5. The [Z probe signal

begins to rise at the same time as the magnetic fields and as

expected the waveform is similar to that of the inner voltage

divider (Fig. 25). The peak of the [{ occurs .035 _tsec later

than the _@ peak, as was

field (Fig. 51), and thus

the same radial position.

observed for the radial electric

Em and [Z reach their maxima at

Unlike _ , [_ does not fall

quickly to zero, but remains at a large value far behind the

current sheet.

Inner voltage divider measurements have established that

the axial resistive electric field in the discharge is less

than i0 V/cm. The total axial electric field is related solely

to the changing magnetic flux from azimuthal magnetic field

by Maxwell's equation:

aE, _ we

where the axial gradient of _-_, is assumed to be negligible.
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Integrating

magnetic flux field:
_i_.

from 0 to _//_o, _ is related to the induced

o

where _(o2 is the field on the chamber axis. Due to the

relatively low value of conductivity on the chamber axis,

electrodynamic skin effectsare negligible, and _%_) may be

identified with the resistive component of E The time

derivative of the integrated magnetic probe data is plotted

as a function of time (Fig. 54)_ compared with an _ probe

output, at _/_o = .48, midway between the electrodes. The

electric probe signal begins to rise at .65_sec along with

the magnetic flux field, and peaks at 400 volts/cm at .97_sec,

in agreement with the magnetic probe data. A displacement

of 0.05/_sec is found at the leading edge of the current sheet,

but this is within the limit of accuracy with which magnetic probe

data can be recorded in this environment. It is concluded that in

the absence of plasma resistance, where the quantity E_ Co) is

small, the axial electric field distribution in the discharge

chamber can be measured by a series of radial magnetic probe

surveys.

The picture which emerges from the electric probe survey

is illustrated in Fig. 55, relating the radial and axial

components of the electric field in two coordinate systems.

In the laboratory system in which the fields are measured, the

electric field vector points radially inward and down toward
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the cathode. The cycloid shows the trajectory of an average

collisionless electron drifting perpendicularly to the crossed

E and _ fields. The electron drifts inward at sheet

velocity and upwards toward the anode, thereby conducting

current.

In the sheet coordinate system, moving radially at a

velocity such that _t is locally zero, an observer sees

no induced axial electric field, and the only _ £ield is

small one due to finite plasma resistivity. Thus, electric

field is predominately radial in the frame of the moving current

sheet, and a collisionless electron in this frame drifts axially

to the anode, conducting axial current.
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Chapter IV

DISCUSSION AND THEORETICAL MODEL

A. ONE-DIMENSIONALMODEL

In this chapter a simple model of the current sheet

will be _ormulated tu illustrate the origin and relation of

the electric field to the properties of the current sheet•

In the reference frame moving with the current sheet (Fig. 53),

in which the dominant electric field component is radial,

stream into the sheet from the left at velocity _5particles

It is assumed that the electron temperature rises abruptly at

the front of the sheet, so that the incoming particle stream

will consist of ions and electrons, of equal density _+ = _e = _ •

Small deviations from charge neutrality must exist to account for

-6
of theE_ by Maxwell's e_ation, but these are less than i0

ambient density and may be ignored in Ohm's Law.

Adopting a right-handed coordinate system _,

such that B 8

is written:

points in the positive direction• Ohm's Law

[amps/m 2 ] (6)

4-1

where _ is the plasma velocity relative to the frame in which

.._ ..-%

E and B are measured. This equation is applied to the moving

V,-reference frame in which E_O , and_-=U_* _ is then the



velocity of the plasma with respect to the sheet. All net

charge flux due to unsteady, viscous, pressure, and body

force terms have been dropped. The largest of these neglected

effects is the gradient of electron pressure V_ , but it

will be shown below that the electron temperature gradient is

small, and thus Vpe is estimated to contribute only 1 percent

of the axial current. For a plasma in which current is con-

ducked unly by electrons, the conductivity tensor is written:

o
i+O.

O 1+./%.*

C7)

2. e
wh_re _" ' eh_ scalar conductivity _/_ ,v 0 1 _ _.._ and_ _e_ '

the Hall parameter. Based upon experimental estimates, the

electron Hall parameter is larger than unity inside the current

sheet, and the largest contributing terms to the current will

thus be the two off-diagonal elements.

Having determined experimentally that _m is much smaller

than _ , it will be useful to examine a one-dimensional current

sheet model, in which the tilt angle _ and the radial current

Z

density _p are equal to zero.

are discussed below in part (B).

the momentum equation:

The effects of a nonzero _r

From the axial component of

P Dt (8)

where V is the axial ion velocity, the axial pressure gradient

is neglected, and _r is zero by assumption. Since the axial

4-2



velocity component V is zero in front of the sheet, and is

therefore zero through the sheet by Eq. (8), the radial and

axial components of Ohm's Law are written:

= o-,.,.E,.- uB ,= [E,.*.n (9)

= - l,.JlZ (io)

For _r= O , these equations become:

Ep = - _/1 L/Be (!i)

_= __a (12)

Equation (12) is the statement that the axial current is

conducted by electrons in E_ _ drift, independent of the value

of Hall parameter _ . The equation can also be rearranged to

show that the force on the electrons, _89 ) is equal to the

force on the ions, e"#q.E'_ . Furthermore, from Eq. (12) one may

calcu_te the particle density _ , from measured values of

_ , % , and E_ . A typical density profile is plotted

in Fig. 56a normalized to ambient density _A , at 120_ argon.

The density ratio rises steadily through the sheet, reaching a

compression ratio of about 6 at the point of maximum electric

field. This calculation is accurate to within about 25 percent

at the front and center of the current sheet, since the accuracy

is limited only by the ....:---_i m_,_r_ment of _ and E_expel ±,n=._ .......... .
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Moving further back in the sheet, however, the E r field

deviates strongly from the value it would have had in a truly

one-dimensional current sheet. Specifically, the effect of

finite radial current density causes Em to reverse sign at

the back of the sheet, as will be discussed below, and Eq. (12)

is not valid in this region.

A second estimate of the density protlle through the

current sheet may be made by combining Eqs. (ii) and (12):

= USe (13)

The collision frequency 2/C in the scalar conductivity

is calculated for a Maxwellian electron swarm in a neutral

plasma where _A,,I_ _ll_nn_ predominate, as described in

Appendix C. Assuming that the density profile is steady (see

discussion below), the continuity equation is written:

_ _/ = constant (14)

Relating _ to B6) by Maxwell's equation:

/_A r

In regions of the plasma where -_ is a constant, Eq. (15)

states that _._) is inversely proportional to a logarithmic

derivative, which can be evaluated to 20 percent accuracy from

experimental magnetic probe data. Several processes compete to

change electron temperature however, and it is not expected that

-_e will remain constant through the sheet. It was argued above
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(Chapter III) that the electron temperature within the sheet

must be of the order of a few electron volts, the point at

which the energy loss by inelastic collisions, thermal con-

duction, and radiation, balances the power input by ohmic

heating. The sensitivity of the calculation of _)/12_A to

the profile of -re may be inferred from Fig. 57, where _A

is plotted for two assumed temperature profiles. In the first,

--1--
_e assumes a constant value nf ].i e.v. throuqhout the sheet.

This particular value is calculated directly from Eq. (15) at

the leading edge of the sheet, where the density ratio is assumed

to be unity. In the second case, which more realistically

.... v_m_ th_ actual temperature profile, _ rises smoothly

from i.i e.v. to a maximum of 3 e.v. at the sheet center, returning

to i.i e.v. at the rear edge. Also included in Fig. 57 is the

profile _2_(_)/_A from Fig. 56.

Because the current sheet is efficiently sweeping up and

accelerating mass as it propagates inward, the density profile in

the sheet is necessarily an unsteady one. To formulate a model

of this unsteady process, one may envisage two alternate methods

for storing the accumulated mass. In the first, the sheet volume

remains constant, and incoming particles are stagnated in a

reservoir of increasingly higher density. In the second, the

sheet behaves like a strong, albeit thick, gasdynamic shock.

Fluid passing through the sheet is accelerated to a large fraction

of sheet velocity, and is compressed to a constant high density

behind it, where it is stored in a region of increasingly larger

---_ .... _ _ _ _ m_pl_ the compressive effect due to

the cylindrical geometry must be included.
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Unfortunately, the correct choice between these two

unsteady models cannot be made on the basis of present experi-

mental evidence. The difference between the constant volume

and constant compression models will most readily manifest

itself in a measurement of the time history of the density at

the back of the sheet, or of the thickness of the high density

region, and measurements of this type have proven extremely

difficult. Lacklng any experimental indication of the more

proper point of view, the constant compression model has been

adopted arbitrarily, largely because it has the virtue that the

density profile becomes steady in the reference frame of the

current sheet, over propagation distances small compared with

the radius.

From this point of view it is then reasonable to write

"jump conditions" across the entire sheet, and _r propagation

distances small compared with the sheet radius, to view the

sheet as a steady, one-dimensional, dissipation zone. Replacing

the radial coordinate by x, these conditions may be derived from

the differential forms of the continuity, momentum, and energy

equations, as written by S-I. Pai: (31)

d_u

-- O (16)

-- 0
(17)

-io')=Z "
where _ is the _ component of the radiation energy f!ux_
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is the stress tensor minus the scalar pressure p ,

and the gas is perfect with equation of state

P = pRT (19)

Each term in these equations may be immediately integrated

through the current sheet• except_-E . Because _ is per-
__v_j--_

pendicular to E in the sheet, _°E is zero, but it is

instructive to examine _'E more closely. Solving Eq. (6) for
._.K

• and taking the dot product with _ :

F

Taking only the radial component of _

_ = _(_o , we have:

• and __ th =*

.-4.

(20)

(21)

which could have been derived dirctly from Eq. (13). It must be

concluded from Eq. (21) that the plasma does work on the fields at

exactly the same rate as it is heated resistively.

Equations (16), (17) and (18) are now integrated• and yield

the j_mp conditions between the leading edge, i• and the trailing

2-

U, -- Uz

edge,

(22)

(23)

(24)
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where the heat conductivity, radiation, and viscous terms are

set equal to zero in the flow ahead of and behind the current

sheet. These equations resemble those for a purely gasdynamic

discontinuity, except for the addition of magnetic pressure to

the momentum equation (23). Dividing the momentum equation by

UI , the energy equation by _ U_Z- , and neglecting the

t _0_
terms p, j_. , and _, :

p,u_ =J -__- _z Z

j_
Ujz -- __ t

(25)

(26)

The parameter _ in Eq. (25) is the ratio of magnetic energy

density to streaming kinetic energy density _z/_fs
U,L and

has a measured value uf 1.33. (In the snowplow theory, for a

constant velocity sheet _e/_ =O pz = O and 6 =_ ) As8 J t -

has been calculated by the one-dimensional model (Fig. 57), the

compression _t/'#_I is large compared to unity, and thus

Eqs. (19), (25), (26) may be combined to give:

(27)

= z_÷_ _, (28)

where _ _- _%/_ is an average specific heat for the compressed

plasma. Equation (27) is the statement that the streaming kinetic

energy of a particle ahead of the sheet appears as enthalpy behind

the sheet, mo_ of which is held by the ions, whose internal energy
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will be large. Equation (28) relates _/_l to the average

specific heat _ for the case of a constant velocity sheet.

As E approaches 2.0, _ must become very large if the

sheet is to retain a constant velocity. Taking experimental

values for E and _/! , _ may be related to _/_/ :

= Z _O (29)

l

For example, for _z/_;

(corresponding to _ -

This ion temperature is larger than the electron temperature,

and the ions therefore can heat electrons in and behind the

sheet.

The electric field E_ can be related to the properties

..... _^^_ _y _mh_ninq Eqs. (12) and (13):of L,_ _ ..... _

j0, 3 !03 °K
r,
_W - 1.02), and -_ = 9.4 [e.v.].

_I (30)

For a thin sheet at large radius, Eq. (30) can be written:

(31)

Equation (31) states that the ohmic heating is proportional

to the product of radial electric field and the radial ion current

density. This implies that the origin of the radial electric

field is collisional in nature, since by the definition of _ ,

- is proportional to the electron-ion collision frequency,

. The exact balance between joule heating and work done on
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the plasma (Eq. 21) is now explained by Eq. (31). A flux of

positively charged ions is acted upon by a force - _E_ ,

raising the ion potential energy. Simultaneously, an equal

flux of negatively charged electrons is acted upon by an equal

but opposite force _E r , and the electrons lose potential

energy, thereby doing work on the fields.

Using Eq. (31) and various experimentally measured sheet

properties, one may calculate joui_ heating, scalar conductivity,

and electron temperature distribution in the current sheet. A

net joule heating rate in the sheet may be calculated by

integrating Eq. (31) over the sheet volume, and applying the

results of Fig. 53:

(32)

For the electric field distribution of Fig. 56, the following

calculations may be made, as shown in Table II.

maximum electric field:

maximum current density:

ohmic heating:

volume ohmic heating:

scalar conductivity:

electron-ion collision frequency:

electron temperature:

electron Hall parameter:

_ = 1.6x104 V/m

'_ = .93xi08 amps/m 2

_/O" O = 4.7xi0 II joules/sac m 3

= 34xi06 joules/sac

= 1.9x104 mhos/m

= 3.7xl010/sec

= 2.2 e.v.

_/I_=3.0

TABLE II
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As shownabove, the volume ohmic heating for the case

chosen is 34 joules/_sec, a power loss which is 5-10 percent

of the total power input to the chamber. The total ohmic

heating loss up to pinch time is less than i00 joules. Because

much of the energy of the ohmic heating is lost by inelastic

processes, and therefore is not useful for propulsion, a

propellant should be chosen which would miminize the ohmic

heating. The correct choice is not _nti_ely straightforward,

because the excitation potential varies from gas to gas, and

this potential influences the electron temperature and hence

the conductivity. Therefore the question is most simply

answered by direct measurement.

The relative importance of ohmic heating was checked in

neon, argon+ aD_ krypton (molecular weights 20, 40, 84). The

chamber mass density was kept nearly constant for each gas, so

that in all three cases the sheet velocity was constant,

U S = 4.3xi04 m/sec. The probe output Er_ ) was converted

to ErCr) by a Galilean transformation as described in Chap. III,

and the results are plotted in Fig. 58 for 240_Hg. of neon,

120_ Hg. of argon, and 70_Hg. of krypton. In these three

gases the value of the peak electric field varies only slightly.

The current sheet widens, however, as molecular weight increases.

The effect of gas type on the sheet properties is illustrated in

Table III (see Table II for units).
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maximum _r

maximum _

ohmic heating,

volume ohmic

heating,

scalar

conductivity,

electron-ion

collision

frequency,_)_

electron

temperature,"_C

electron Hall

parameter, _--

ist excitation

potential, e.v.

Neon

240]_.

1.7x104

.77xi08

10xl0 II

48xi0 b

.593xi04

10
23 _ 3xlO

1.0

.48

16.6

Argon

12o 

i. 6x104

.93xi08

4.7x10 II

34xi06

1.9x104

3.7xi0 I0

2.2

3.0

11.5

Krypton

2.0xl04

•74xi08

3.4xi0 II

26xi0"

i. 6x104

2.5x10 I0

2.0

4.4

9.9

TABLE III

The data in Table Ill shows a trend toward lower ohmic

heating as molecular weight _ , increases. The effect of

large _ is to permit a lower ambient particle density while

keeping mass density and sheet velocity constant, thereby

decreasing the ion current• This density effect is only

partially offset by a thickening of the current sheet, suggesting

that efficient pulsed accelerators should use high molecular

weight gases.
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B. TILT OF THE CURRENTSHEET

The slight tilting of the current sheet toward the axis

of the discharge is evident in luminous photographs (Figs. 18

and 21), and in magnetic field data (Fig. 31). The fact that

the radial current _ is nonzero will allow the ions to

acquire an axial velocity, as indicated in Eq. (8). For a

small tilt angle, _; the axial and time dependence of axial

flow veloclty _ may b_ ,_=__,---_'_'-'"-"_...._a_4a] current can be

is written:
written as

(33)

To the approximation that the sheet is thin compared to its

radial position, Eq. (33) is simply integratede giving the

axial ion velocity

(34)

where _ has again been assumed constant. For example, when

= 3 ° , _ -l.7x103 m/sec, directed toward the cathode,

a value less than 4 percent of the sheet speed. The ion current

density may be relatively high near the back of the sheet,

however, due to the high particle density. Assuming a com-

pression ratio _/_! = 30, the ion current at the back of

the sheet is 3.3xi07 amps/m 2, a value 25 percent of the peak

current density.

The expression used previously for axial current (Eq. 12)
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must be modif±ed in the region behind the sheet to include

ion current:

(35)

Although _ is relatively small behind the sheet, it is never

observed to reverse sign. In the region where _r points

radially outward, ]VJ must exceed / E-_o/ by Eq. (35), in order

to keep the current f_um Leve_sing sign. Using measured values

} _ in the region behind the sheet, JVI must exceedof

104 m/sac, a value 6 times larger than that estimated by Eq. (34).

Despite this quantitative discrepancy in the measurements, it

-_^_ fi _ reversal behind the sheetseems clear thaL the =_=_ .......

counteracts the axial ion current induced by the tilt of the

current sheet, making total _ behind the sheet nearly zero.

C. SUMMARY OF RESULTS OF THE THEORETICAL MODEL

To summarize the above theoretical description, the dis-

cussion has concentrated on the central part of the current

sheet, far from the regions of the cathode and anode "foot."

It has been shown on the basis of a one-dimensional model that

the ohmic heating is equal to the product of radial electric

field and radial ion current. Jump conditions, written for a

one-dimensional, constant velocity, constant compression sheet,

indicate a particle compression ratio _)_z/74 much larger
j-& I

than unity, depending on the value of the average specific

heat ratio. Also, the ion temperature behind the sheet is

found to be larger than electron temperature. Experiments in
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neon, argon, and krypton at constant mass density show that

lowering particle density by increasing molecular weight

decreases the ohmic heating. The tilting of the current

sheet explains qualitatively the sign reversal of radial

electric field behind the current sheet.
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Appendix A

THE SNOWPLOW MODEL

The snowplow model of the current sheet, discussed in

an earlier publication, (32) is herein modified in two ways.

A constant resistance, the sum of constant chamber and external

circuit resistances, is introduced into the circuit equation.

Secondly, the radial position of the current sh_t and mass

sheet are allowed to differ by a constant amount. Let

_o = radius of chamber

Lo = inductance of external circuit

= electrode separation

C = capacitance of bank

V0 = initial voltage on capacitors

po = ambient mass density of test gas

and introduce eight dimensionless parameters:

t

Q
= o(=

_r - R,:-_f, __
_o

C o4 J/'N,_/r"

OHA4 --- -- CMA_wmeR
G-AM =

Cl_'C re'r"

A-I



where _ is time, _p and _¢ are mass and current radius,

Q is charge on the capacitor bank and po = 47rx10 -7 [h/m].

With inductance in the form

= -_-

the dimensionless snowplow circuit and momentum equations

be come :

d
[(, ,;-_,-,) ] - o

The voltage across the chamber at _ is:

These cquations were evaluated on an IBM 1620 for specified

values of the dimensionless parameters. The quantities K and_

are fixed for given values of gas density, initial voltage, and

external inductance. L o was measured from the ringing frequency

of the circuit with the chamber shorted. The initial current

sheet radius was taken from experimental results. Initial mass

sheet radius was assumed to be unity, so that all the chamber

mass was swept up. Initial current sheet velocity was zero.

The resistance OHM was selected to damp the snowplow current

maximum to the known measured value from the Rogowski coil.

Likewise, GAMwas chosen to make the snowplow voltage maximum

agree with the measured maximum from the high voltage probe.

The values used in evaluating the dimensionless parameters
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were :

chamber radius : _o =

chamber height : _ =

external inductance : Lo =

bank capacitance : C =

initial voltage : V 0 =

gas density (120 _ argon) : po =

sheet separat ion : _ - _[p

total circuit resistance : -fLY

chamber resistance : _]_ _ =

•063 [m]

• 0508 [m]

7.65xi0 -9 [h]

15.68xi0 -6 [fd]

I0,000 [volts]

2.6xi0 -4 [kg/m 3]

= .0044 [m]

= .00553 [ohm]

0

The computed snowplow circuit current and chamber voltage

show excellent agreement with the measured current and voltage

up to _ = 0.60_ec, at which time a second (negative) current

sheet begins to flow at large radius•

The computed snowplow trajectories R[_) are compared

with the measured current density and radial electric field

maxima in Fig. 50. Agreement is good until the current gets

very close to the chamber center.
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Appendix B

DESIGN OF ELECTRIC PROBE PULSE TRANSFORMER

An isolation-step down pulse transformer, pictured in

Fig. 7, was designed to reproduce faithfully a 0.4_sec flat

topped, fast rising pulse from a low source impedance.

Following Millman and Taub, (33) the equivalent circuit of the

transformer is shown below:

E PRo8_ _t :1 --

WI£'C;.L_ - - i _o the resistance of the probe plus primary winding,

is the leakage inductance of the primary, C is the

interwinding capacitance C t plus the reflected load capacitance

CL/AR_ , _ is the probe cable termination, and R Z is the

reflected load resistance _z_U •

the

The rise time at the secondary,

E probe, is:

for a square pulse to

when the circuit is critically damped.

achieved by making the damping constant

z

Critical damping is

equal to unity:
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For large _ , _z is much greater than _I , and the

formula for risetime _r is simplified. The capacitance C

is fixed by the number of feet of coaxial cable to the scope,

the scope preamplifier input capacitance, the turns ratio _ ,

and the interwinding capacitance, and is approximately 2x10 -12 fd.

for _ = 8, and the cable lengths used in the experiment. Rise-

time can only be further reduced by reducing _ , and this is

done by winding the primary tight to the transfoLmer core.

The resistance _l was set at 50 ohms, by placing a

50 _- resistor, visible in Fig. 7, in series with the primary.

The leakage inductance (_ was estimated to be 5x10 -5 henries,

and the quantity Rjj_" can be dropped from the expression for

. Requiring _ = 1 thus gives:

z -= ?Z u - _ ._. ,_OOOJL

For _ = 8, an estimate of _L is thus 78 __ . In the

laboratory, _u was adjusted to get a nearly square leading

edge on the pulse, and turned out to be 200 ohms.

Note that only the primary winding must be tight on the

ferrite core to give low leakage inductance and good frequency

response. The secondary winding can be spaced away from the

core to reduce the common mode response, and thus the secondary

was wound on an i" nylon bobbin in this design.

The remaining design parameter is the primary inductance

, which determines the percentage decay of a flat topped

pulse of width _ . The fractional droop in voltage after the
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initial rise is given by

L_.

with _, = 50 X_- and

approximate ly 200x10 -5

_p = 0.4_sec, the inductance _ was

henries for a 1 percent droop. This

was achieved with 32 turns on a type W-03 ferrite core.

= 8, four turns were wound on the secondary.

With

The response of the transformer to a 30 nsec risetlme

pulse from a 1.25 ohm noninductive source, was found to be

45 nsec. Due to transformer heating losses, the overall

attenuation was a factor of i0.0, for the 8 to 1 turns ratio.

8
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Appendix C

CALCULATION OF ELECTRON

AND ION COLLISION PROPERTIES

Preceding any discussion of ion and electron trajectories,

in the current sheet it is necessary to compare the particle

mean free paths, Larmor radii, and other characteristic plasma

lengths. The plasma is considered to be fully ionized,

electrically neutral, and composed of streaming singly charged

ions, and an electron swarm having a Maxwellian distribution.

The electron thermal energy is two orders of magnitude less than

the ion kinetic energy relative to the current sheet, but

because of the small electron mass, electron thermal velocity

-= .... _,_ larger than the ion velocity.is two orders u_ *L_-j_ .....

Assuming then that the heavy ions are stationary with respect

to the thermal electrons, it is shown by Spitzer that the

largest contribution to electron-ion collision frequency is

from small angle coulomb deflections, which rapidly accumulate

to 90 o. (20) The reciprocal of Spitzer's "90 ° deflection time"

defines a frequency for 90 ° deflection of the electrons:

- 7.ye3

where A is a constant, _e and _ are electron density and

velocity, and the cutoff parameter _ is the ratio of Debye

length to the impact parameter for a single 90 ° deflection,

and has a value of ___ _ in this plasma. Following

(34)
Wharton and Heaid, the -.^iA_,,v=__ _p_n_nt_......... collision
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frequency is averaged over a Maxweliian distribution,

yielding the "effective collision frequency" in a constant

electric field:

with

_,_ _./_ _t

= ._5" _ I 0 T_iz"

M e in m -3 and _-_ _in e.v., This calcu-

lation does not include magnetic field, but these effects are

not important until the electron Larmor Ladius becomes sma]]er

than the Debye length, which is not the case here.

Spitzer calculates the "self-collision time," for a

perturbed electron distribution to become Maxwellian, by

11"_ "
electron-electron small angle couio,Td_ co-_1on_:

-' -c __ _t
= 3./o T2, c-',-'.7

The "self-collision time" for argon ions scales from _

as the square root of the electron-ion mass ratio:

= I.I_/0 _'_,'c.I

This expression for _C. only holds up to -_+ _ 5 e.v.

At this temperature the distance of closest approach equals the

ion's outer electron shell diameter, and at higher temperatures

the cross section is no longer coulombic, but is approximately
-I

constant, so that _¢_ increases as _ .

(29)
Following Petschek and Byron, the rate of argon atom

excitation is calculated by integrating the velocity dependent

_i _ _ _ f_uencv W(_2_ _6_) _2_ over a Maxwellian distribution°
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The excitation cross section is assumed to vary linearly with

electron energy above the 11.5 e.v. argon first excitation

potential, with slope:

= 4.38xi0 -3 [m2/joule]

This value of the slope is a fit to experimental data of Maier-

Leibnitz, (35) whose results are more readily available from a

(36)
paper by Druyvesteyn and Penning. The excitation rate,

which controls the ionization process, is:

where MKS units apply. If the density 42_ is to be expressed

in [m-3], and the temperatures are in electron volts, then

The reciprocal of _2_x , the excita£ion time Cex , is

plotted in Fig. 24 for Re = 1022 [m-3]-

Corresponding to the above elastic and inelastic collision

events are mean free paths, defined as particle velocity divided

by the collision frequency. The neutral excitation mean free

/_ . These mean free paths arepath a for example a equals U 5 X

compared in Fig. 59, together with the electron and ion Larmor

radius, and Debye length, for typical values of density, temper-

ature, and magnetic field.
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